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Abstract. We present a spectroscopic analysis of two galaxy clusters at zw 0.2, out to ~ 4Mpc. The two clusters VMF73 and 
VMF74 as identified by Vikhlini n et alJ 1 19981) were observed with multiple object spectroscopy using MOSCA at the Calar 
Alto 3.5 m telescope. Both clusters lie in the ROSAT Position Sensitive Proportional Counter field R285 and were selected 
from the X-ray Dark Cluster Survey l Gil bank et alj|2004 that provides optical V- and /-band data. VMF73 and VMF74 are 
located at respective redshifts of z= 0.25 and z= 0.18 with velocity dispersions of 671 kms~' and 442 kms -1 , respectively. 
Both cluster velocity dispersions are consistent with Gaussians. The spectroscopic observations reach out to ~ 2.5 virial radii. 
Line strength measurements of the emission lines H„ and [O ITJ/13727 are used to assess the star formation activity of cluster 
galaxies which show radial and density dependences. The mean and median of both line strength distributions as well as the 
fraction of star forming galaxies increase with increasing clustercentric distance and decreasing local galaxy density. Except 
for two galaxies with strong H„ and [O II] emission, all of the cluster galaxies are normal star forming or passive galaxies. Our 
results are consistent with other studies that show the truncation in star formation occurs far from the cluster centre. 

Key words, galaxies: clusters: individual: RXJ094330.7+ 164002 - galaxies: clusters: individual: RXJ094344.9+ 164448 - 
galaxies: evolution - galaxies: distances and redshifts - galaxies: stellar content 



1. Introduction 

Galaxy properties such as colour, morphology and spectral 
characteristics are functions of redshift as well as of galaxy en- 
vironment. Examples for cluster specific redshift dependences 
are the Butcher-Oemler effect ( Butcher & Oemler Jr. 1978) and 
the change of the "morphological mix" in clusters with red- 
shift. Local clusters like the Coma cluster are dominated by 
SO galaxies, which form only a small fraction in higher red- 
shift clusters at z~ 0.5, whereas spiral galaxies are more abun- 
dant in distant than in local clusters. This observation has 
raised the question whether the spiral galaxies in distant clus- 
ters are the progenitors of SO galaxies in local clusters, and 
which kind of processes may be responsible fo r a transforma- 
tion of one mo rphological type into another (e.g. Dr essier et alJ 
Il997t IPoggianti et alJfT999h . Further evidence for an evolu- 



tion of galaxy properties with redshift is provided by studies 
which show that the universal average star for mation rate (SFR) 



has been rapidly d eclining sin ce z~ 1 (e.g. Lillv et al 
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Mada uet al.lll996l iBlain et aljfl999l ISomerville et alJ 
However, at a given epoch, cluster galaxies always show sup- 
pressed star formation compared with the field population at 
the same redshift (e.g. Bal ogh et alJll997l) . Models of hierar- 
chical structure formation predict a continuous accumulation 
of material and substructure to more and more mass ive galax- 
ies, groups and clusters as time progresses ( e.g. iKauffmannl 
1996; Kauffmann et al. 1999; ICole etall2000l and references 
therein). Therefore, it may be possible to link the decline in the 
global star formation rate to the growth of large scale structure 
in the universe. 

A number of studies have investigated the connection between 
the cluster environment and m orphological gradi ents (e.g. 
Dressier 1980; Postman & Geller 1984; Whitmore & Gilmore 



1993; Dressier et al. 1997; Dommguez et al. 2001). To charac- 
terize the cluster environment, the clustercentric distance of a 
galaxy as well as the local projected galaxy density are use- 
ful as independent parameters. Both of them, however, are 
projected parameters. The morphological dependence of clus- 
ter galaxies on the environment has been studied based on 
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the cl ustercentric radius e.g. by Whitmore & Gilmor e1 dl99ll 
19931) and bas ed on local galaxy density by Dressier ( 1980); 



Dres sier et alJ i 19971) and others. It has been discussed which 



parameter is more appropriate, i.e. whether galaxy morphol- 
ogy is influenced rather by global properties, characterized by 
the clustercentric distance, or by local properties like the local 
galaxy density. However, in centrally concentrated, regular and 
presumably relaxed clusters the local gala xy density is closely 
correlated with the clustercentric radius ( Dres sier et aljfl997l 
Go mez et al.l2 003). A correlation between morphological gra- 
dients and clustercentric distance or local galaxy density has 
been found, such that the dense cluster core is populated pre- 
dominantly by ellipticals and SO galaxies. Towards the cluster 
outskirts, the fraction of spirals increase s while the elliptical 
and SO fraction decreases (Dressier 1980). 
In a similar way, the star formation activity of galaxies depends 
on the environment. This dependence has been investigated by 
various studies, which reveal a lower level of star formation in 
cluster galaxies compared with th e field population at the same 
redsh ift JAbraham et alJl996tlBalogh et al.ll998llBalogh et alJ 
120021) . The results of these studies suggest that star formation 
is suppressed in cluster galaxies over a wide range of cluster 
masses. To a certain extent it is not surprising to find lower 
SFRs of galaxies in high density environments as these dense 
regions like cluster cores are dominated by galaxy types with 
an intrinsically lower SFR. However, recent studies show that 
even within the same galaxy type the SFR is low er in the clus- 
ter population compared to the surrounding field (Balogh et alJ 
ll998tlG6mez et al.l2003l) . 

The present analysis focuses on star formation properties of 
galaxies in clusters at z ~ 0.2 out to large distances from the 
cluster centre. Studies of CNOC 1 data explored clusters out 
to ~ 1 virial radius (R v ) and found that mechanisms responsi- 
ble for the low SFR of cluster galaxies are likely to start act- 
ing far out of the cluster core in the infall region, where field 
galaxies attracted by the cluster potential experie nce the influ- 
ence of the c luster environment for the first time IBalogh et alJ 
1 19971 1998). It has been shown that galaxies as far out as 
~ 2 R y may have crossed the cluster core wi thin a Hubble time 
(Ra mirez & de Souzall9 98: Balo gh et all20 00). This suggests 
that galaxies in the cluster outskirts may have undergone sig- 
nificant evolution on their way through the cluster core and 
that cluster specific processes start acting on infalling galaxies 
even beyond 2 R v . It has been discussed, for instance, whether 
the cluster environment induces starbursts in infalling galaxies 
which lead to a rapid consumption of the gas supply and a sub- 
sequent passive evolution of these galaxies JDressler & Gunnl 
ll983UBothuri & Dresslerll986llAbraham et all 1994 . 
In the local universe, the cluster environment has been explored 
from the densest central regions to large radial d istances and 
into the field by studies of 2dFGRS and SPSS data Jlxwis et alJ 
l2002HG6mez et alJEoolt IBalogh et al.ll2004l) . At intermediate 
and high r edshift, only few comparable studies have yet been 

J ' ' II 17 _ 1| — I 

conducted (Abraham et al. 1996; Kodama et al. 2001). Galaxy 
properties, however, depend strongly on redshift. Therefore, to 
understand the evolution of galaxies, it is essential to investi- 
gate different environments at different redshifts. In this study 
we present observations of two low-mass clusters at z~ 0.2 as 



part of a larger program to study the correlation between star 
formation and environment at this redshift. 
The outline of the paper is as follows. In chapter 2, the selection 
of objects, observations and data reduction are described. The 
data analysis and results are presented in chapter 3. In chapter 
4, the results are discussed and compared with previous studies, 
and chapter 5 is a summary of our findings. Throughout this pa- 
per, we use a cosmology of Ho = 70 km s _1 Mpc -1 , Q m = 0.3 
and Oa = 0.7 

2. Data 

2.1. Observations 
2.1.1. Photometry 

The photometric data were obtained during two observing runs 
in June 1998 and January 1999 with the Wide Field Camera 
at the Isaac Newton Telescope, La Palma. These observations 
formed the optical basis of the X-ray Dark Cluster Survey 
(XDCS), an op tical follow up surv ey of X-ray imaging for 
galaxy clusters ( Gilban k et al.ll2004T) . The aim of this survey 
was a comparison between cluster finding algorithms based on 
the optical and X-ray luminosities of clusters. For this pur- 
pose, deep archival ROSAT Position Sensitive Proportional 
Counter (PSPC) field s part of which had been analysed by 
IVikhlinin et all Jl998h were imaged in the optical V- and I- 
band. 



2.1.2. Object Selection for Spectroscopy 

Three 40' x 40' fields, each of which contains two galaxy 
clusters from the XDCS catalogue ( Gilba nk et"aTll2004l) . were 
selected for spectroscopic observations. In the present study, 
the two clusters contained in the ROSAT PSPC field R285 
are analysed. The J2000-coordinates of the X-ray centroids of 
thes e clusters and the ir estimated redshifts and X-ray fluxes 
dVikhlinin etalll998l) are given in Tabled In order to enhance 
the observational efficiency, fields with two clusters aligned 
along the line of sight were chosen. The selection of the spec- 
troscopic targets was directed by three criteria. Firstly, galaxies 
were selected based on the /-magnitude only, i.e. no colour cri- 
terion was applied. This restriction avoids a bias in selecting 
against certain galaxy types, as there is a correlation of galaxy 
type with colour. Secondly, in the selection procedure priority 
was given to the brighter objects. The third criterion was a spa- 
tial constraint to the mask. The slitlets had to have a parallel 
orientation with respect to each other and to the mask orienta- 
tion. Furthermore, each slit needs a minimum length to provide 
a sufficient sky background subtraction. All selection effects re- 
sulting from these criteria were accounted for with the selection 
function (see Sec. l2.3> . 



2.1 .3. Spectroscopic Observations 

The spectroscopic observations were carried out on 2002 
February 10-15 at the 3.5 m telescope on the Calar Alto ob- 
servatory. During these 5 nights and additional service mode 
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Fig. 1. Positions of the two clusters in field R285. Squares and triangles represent member galaxies of VMF73 and VMF74, respectively, empty 
circles are spectroscopically observed objects which do not belong to any cluster. Open squares and triangles represent all cluster galaxies, while 
filled symbols show only members with Wo([0 II]) > 5 A (line strength measurements are described in section l3".3.1> . The large crosses show 
the respective cluster X-ray centroids. The solid and dotted circles show one and two virial radii, respectively, of VMF73 and VMF74. The 
seven slitmasks covering the two galaxy clusters are shown as large squares. 



time each field was observed with 7 to 8 slitmasks, each mask 
containing 20 to 30 slits for simultaneous spectroscopy. Each 
slit had a length of about 10 to 20 arcseconds, to ensure an 
accurate sky background subtraction. For the multiobject spec- 
troscopic (MOS) observations, the focal reducer MOSCA was 
used. This instrument is installed at the Ritchey-Chretien fo- 
cus of the 3.5 m telescope and allows multiobject spectroscopy 
placing a multiple slit mask as aperture into the focal plane. 
For our observations the grism green_500 was used which has 
a central wavelength of 5500 A and a typical wavelength range 
of 4300 A to 8200 A, thus being ideally suited for observations 
of the spectral lines H a and [O II] ,43727 at a redshift of z ~ 0.2. 
Grism green_500 has a mean dispersion of 2.9 A/pixel. The 
exposure times for each mask ranged between one hour and 
three hours, depending on the apparent magnitude of the ob- 
jects. Their total /-band magnitude ranged between 16.7 and 
19.5. The total observing time amounted to ~ 48 hours. In to- 
tal, 553 spectra were taken, including 8 objects which turned 
out to be stars. The two clusters in field R285 analysed in the 
present paper were observed with seven slitmasks as shown in 
figure^ The dense central parts were observed with four masks 
which cover the respective cluster area within ~ 1 R v . The outer 



Coordinates 



Cluster z VMF f ; 



[10 14 ergs s 1 cm 2 ] 



9:43:32 16:40:02 
9:43:45 16:44 20 



VMF73 
VMF74 



0.256 
0.180 



23.1 
21.2 



Table 1. J2000-coordinates, estimated redshifts and X-ray flux as 
given bv lVikhlinin etai] 1 19981) of ROS AT PSPC field R285 



regions contain galaxies beyond ~ 1 R,, and were observed with 
three masks. 



2.2. Data Reduction 

The data reduction was carried out with the image pro cess- 
ing system MIDA S 1 as described in Zieg ler et al.l l|2001) and 
iFritz et alJ (|2004). Reduction steps included bias subtraction, 
correction of the spatial distortion, flatfielding, sky subtraction, 
optimal extraction of one-dimensional spectra, wavelength cal- 
ibration and redshift determination. The correction for the spa- 
tial distortion (rectification) was achieved by fitting a third or- 



1 MIDAS is provided by the European Southern Observatory 
(ESO). 
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der polynomial to the spectrum. Each line of the spectrum 
was reproduced ten times in order to enable subpixel shifts. 
Subsequently the spectrum was rectified row by row and re- 
binned to the original size. Due to the strong spatial distortion 
of the spectra, the flatfielding had to be done after the rectifi- 
cation. In almost all cases the individual slit images had to be 
extracted including some light contamination from neighbour- 
ing slits in order not to loose spectral information in the spec- 
trum. This light contamination could be removed only after the 
rectification, therefore the flatfielding had to be be carried out 
afterwards as well. The sky background was subtracted by fit- 
ting a polynomial of first order to each column separately, in 
some cases a fixed value was subtracted. The wavelength cali- 
bration was done with HgArNe calibration frames and the rms 
of the solution ranged between 0. 1 and 0.3 A at a central wave- 
length of 5500 A. Galaxy redshifts were determined by cen- 
tering prominent emission or absorption lines with Gaussians 
and calculating the mean value. Deviations in the determina- 
tions from line to line ranged between 100 and 250 km/s which 
is a reasonable accuracy for the spectral resolution. The spec- 
tral lines were identified visually which was a problem in cases 
of low signal to noise ratio. For 39 spectra of low signal, a reli- 
able redshift determination was not possible; these spectra were 
excluded from further analysis. For 8 further spectra the red- 
shift determination was ambiguous. In that case the spectrum 
was reexamined with the IRAF 2 routine fxcor. This routine is 
based on an algorithm of iTonrv & Davisl i 19791) and performs 
a Fourier cross-correlation on the object and to one or several 
zero redshift template spectra. For 5 out of the 8 spectra with 
ambiguous z the redshift determination could be improved. 

2.3. Selection Function 

In both clusters of field R285, only part of all member galax- 
ies was observed spectroscopically. Therefore, selection effects 
have to be corrected for which is achieved by a selection func- 
tion. The selection function is defined as the fraction of galax- 
ies with a reliable redshift in the photometric catalogue and is a 
function of the apparent magnitude. The selection effect is not 
uniform throughout the cluster due to two effects. Firstly, the 
central regions of VMF73 and VMF74 were observed with four 
masks overlapping each other, while the outer regions were ob- 
served with three masks without overlap. This leads to a signif- 
icantly higher coverage and thus to a higher fraction of objects 
with spectroscopy in the central regions. Secondly, in the cen- 
tral regions the galaxy concentration is higher which leads to 
a higher fraction of spectroscopically observed objects in the 
centre. In the outer regions with lower galaxy density there are 
less objects available for spectroscopy. Both effects were ac- 
counted for by establishing two separate selection functions; 
one for the central cluster fields and another one for the outer 
regions. This correction is independent of cluster membership, 
i.e. no background and foreground corrections were applied. 
All objects with spectroscopy were divided into an inner and 
an outer sample according to the slit masks they were observed 

2 IRAF is distributed by NOAO which is operated by AURA Inc. 
under contract with NSF 
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Fig. 2. Top left: Galaxy distribution in the area covered by the four 
central masks in field R285 as a function of observed magnitude. The 
solid line represents all objects in the photometric catalogue, the dot- 
ted line shows the distribution of objects with confirmed redshift. The 
fraction of galaxies with redshift is calculated as the ratio of both dis- 
tributions in each magnitude bin. The bins have a size of 0.5 mag. 
The faint end of the dotted distribution corresponds to the magnitude 
limit of I m = 19.5 of the spectroscopic sample. Top right: The same 
as in the top left panel, but for the area covered by the three outer 
masks. Bottom left: Selection function in the area covered by the cen- 
tral masks. Each point shows the fraction of galaxies with redshifts 
in the corresponding magnitude bin. Error bars are Poisson statistics. 
Bottom right: The same as in the bottom left panel, but for the outer 
masks. 



with. The four masks covering roughly the area out to 1 R v of 
the respective clusters are considered the central masks, while 
the three masks covering the area beyond ~ 1 R v are referred 
to as the outer masks (see Figure[Q. For each of the two zones 
the selection function was calculated as follows. In a first step, 
the distribution of all galaxies in the photometric catalogue as 
a function of apparent /-band magnitude was determined. This 
distribution is shown as solid line in the top of Figure [5] Each 
magnitude bin has a size of 0.5 mag. As a next step, the distri- 
bution of galaxies with reliable redshifts in the respective clus- 
ter region was determined, shown as dotted line in the top of 
Figure |2 The fraction of galaxies with redshifts as a function 
of apparent / magnitude, i.e. the selection function, was cal- 
culated as the ratio of both distributions in each magnitude bin. 
The faint end of the dotted distribution corresponds to the mag- 
nitude limit in the / band of I lo , = 19.5 of the spectroscopic 
sample. The selection functions for the two cluster regions are 
shown in the bottom of Figure [5] 

The selection function was obtained based on the observed I- 
band magnitude. However, in order to correct for selection ef- 
fects, it has to be applied to the quantity in question like abso- 
lute magnitude, [Oil] line strength etc. Fractions and absolute 
numbers of these quantities were therefore corrected by assign- 
ing each galaxy a weight number which was the inverse of the 
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Fig. 3. Colour-Magnitude-Diagram for the two clusters VMF73 and 
VMF74 in the field R285. Triangles and squares represent cluster 
members of VMF74 and VMF73, respectively Open circles are ob- 
jects with spectroscopy which do not belong to either cluster. 



corresponding selection function. This correction was applied 
seperately in the inner and the outer regions; the division into 
the inner and outer samples was performed according to the slit 
masks. 



3. Analysis and Results 

3.1. Cluster Mean Redshifts 

The Colour-Magnitude-Diagram (CMD) for the objects with 
spectroscopy is plotted in Figure[3] Triangles and squares rep- 
resent galaxies of the two clusters VMF74 and VMF73, respec- 
tively. Open circles show objects with spectroscopy which do 
not belong to either cluster. Two distinct red sequences of early- 
type galaxies are distinguishible, corresponding to the two clus- 
ters along the line of sight. The large number of spectroscopi- 
cally observed objects which are redder than the cluster galax- 
ies on the red sequences and which do not belong to either clus- 
ter is due to the selection criteria. As outlined in Sec. I2.1.2I 
the selection was not based on colours in order to avoid biases 
against galaxy colours and types. 

The redshift distribution of galaxies in the field R285 is shown 
in Figure 0] Galaxies without a reliable redshift determination 
and stars have not been considered for this plot. Two peaks ap- 
pear in the distribution, centered at redshifts of z» 0.18 and 
z~ 0.25. This distribution clearly indicates the presence of 
two clusters in field R285, projected onto each other on the 
sky sphere. Both distributions are consistent with Gaussians, 
which are overlayed on the cluster mean redshift with a +1 cr 
velocity dispersion. All galaxies within 3 cr of the respective 
cluster mean redshift are considered as cluster members. The 
cluster mean redshifts were calcu l ated w ith the biweight esti- 
mator as described in Beers et al. ( 1990). The calculation was 



Fig. 4. Redshift distribution of field R285. Two peaks are visible in- 
dicating two clusters at redshifts of z»0.18 and z»0.25, respectively. 
The overlayed curves are Gaussians centered on the cluster mean red- 
shift with a ±1 tr velocity dispersion. 



Name 


z 


cr [km s '] 


N 


L x [ergss" 1 ] 


Ry [kpc] 


VMF73 


0.254 


671 


44 


6.03X10 43 


1672 


VMF74 


0.180 


442 


35 


2.35X10 43 


1207 



Table 2. Cluster IDs, Redshifts, velocity dispersions, number 
of members within 3 cr, bolometric X-ray luminosity and virial 
radius of the two clusters contained in field R285. 



performed for each cluster separately with an initial redshift 
range of 0.15 <z< 0.21 for VMF74 and 0.22 <z< 0.28 for 
VMF73. Both mean redshifts were computed in three itera- 
tions. The velocity dispersion of both clusters was calculated 
with the biweight estimator of scale. Like the biweight loca- 
tion estimator, the scale estimator was computed in three it- 
erations to determine the velocity dispersion of VMF73 and 
VMF74. The mean redshifts, velocity dispersions, the number 
of spectroscopic members within 3 cr, bolometric X-ray lumi- 
nosities and estimated virial radii (see Sec. l3.2t of both clusters 
are summarized in Table |2 For our cosmology, the distance 
moduli and the scale factor for the conversion from arcseconds 
to kpc are 40.54 and 3.96 for VMF73, respectively and 39.70 
and 3.03 for VMF74, respectively. 



3.2. Dynamics 

The measured velocity dispersions are in good agreement 
with the relation between the bolometric X-ray luminosities 
and velocity dispersions of local cluster samples, as shown 
in Figure |3 The open triangles, circ l es and cross e s repr esent 
local samples of |Xue & Wul feOOd) : iMarkevitchl {1998) and 



iDavid etal1lH993l) . respectively, while the clusters VMF73 and 
VMF74 are represented by filled squares. The L^-cr correlation 
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Fig. 5. Correlation between the bolometric X-ray luminosity and the 
velocity dispers ion cr. Open triangles, crosses and cir cles represent lo- 
cal sam ples of lXue & Wul feOOrMDavid et alJ il99^ and|Markevitch 
1 1998), respectively. The two clusters VMF73 and VMF74 are shown 
as solid squares. 



holds over a wide range of X-ray luminosities and velocity dis- 
persions, reflecting a mass range from rich clusters to groups. 
Based on the relation between mass and velocity dispersion, 
the virial radius can be inferred (Gira rdi et al.ll9 98): 

R v [Mpc] ~ 0.0035(1 + zr L5 o-[km s' 1 ] (1) 

Thus, the virial radii are ~ 1.21 Mpc or ~ 6' 38" for VMF74 
and ~ 1 .67 Mpc or ~ 7' 02" for VMF73. Henceforward, galax- 
ies of both clusters are combined to one sample in order to 
increase the statistics. 

The respective / band brightest galaxies in both clusters 
have a certain offset from the X-ray centroid as given by 
IVikhlinin et ail dl998h . In VMF73, this offset is 6' 36" from 
the X-ray centroid, while in VMF74 the offset is 1' 29". 
Furthermore, in VMF74 the / band brightest galaxy and the 
V band brightest galaxy of the spectroscopic sample are two 
different objects. As the coverage of the brightest objects in 
the central fields is roughly 50% (see Sec. 12.31 1. it is possible 
that the two / band brightest objects in the spectroscopic sam- 
ple are not the respective brightest cluster galaxies of VMF73 
and VMF74. Due to this uncertainty and as the X-ray luminos- 
ity is a better tracer of the gravitational potential than galaxies, 
the clust er centre i s assum ed to be the X-ray centroid as given 
bv IVikhlinin et alJ Jl998l) if not otherwise stated. The cluster- 
centric radius of each cluster galaxy was calculated as the pro- 
jected distance from the respective cluster X-ray centroid and 
normalised to the virial radius. 



3.3. Radial and Density Dependences of Galaxy 
Properties 

3.3.1. Measurements of Emission Line Strengths 

Star formation activity is closely linked with spectral proper- 
ties such as line strengths of the B aimer series and forbidden 
oxygen lines. For this analysis, the emission lines H a and the 
forbidden line [O II]/13727 were employed as primary tracers of 
ongoing star formation. Both lines are indicative of hot, young 
O and B stars which ionize the surrounding gas in a star form- 
ing H II region. 

The spectra of VMF73 and VMF74 member galaxies were 
not flux calibrated. We measure the equivalent widths of H a 
and [O II] which are insensitive to this calibration. For the line 
strength mea s urem ents we adopt the line feature definitions of 
iBaloeh et alJ Jl999l) . This system employs a central bandpass 
of the feature and two sidebands in which the continuum is 
measured. The midpoints in both sidebands are connected by a 
straight line and the flux is summed above the so defined con- 
tinuum. 

3.3.2. Passive, Star Forming and Starburst Galaxies 

The level of star formation activity in a galaxy can be assessed 
by the emission line strengths of H a and [Oil]. Both lines 
were used for the analysis. In some member galaxies of cluster 
VMF74 with the lowest radial velocities the H a line was 
affected by the atmospheric A-band, in such a way that part of 
the blue pseudocontinuum of H„ overlapped with the A-Band. 
This led to systematically higher values of the H a line strength 
in the affected spectra and was corrected for in all cases by 
linearly interpolating the A-band. Passive, star forming and 
starburst galaxies show a wide range of line str engths in Hn,, 
rO III and other emission and absorption lines llKennicutt Jr.l 
1992). In order to quantify the star formation activity of galax- 
ies in the clusters VMF73 and VMF74, these three groups of 
galaxies will be discussed in the following. The classification 
of galaxy star formation properties is based on the MORPHS 
characterization (Pogg ianti et al.l fl999l) . The lower limit of 
5 A in the line strengths was chosen because any line strength 
detection below 5 A cannot be distinguished from noise. 
This limit is adopted throughout the entire analysis. In order 
to allow a comparison with other studies at intermediate or 
higher redshift, for the following discussion of star formation 
properties mainly the [O II] line strength will be considered. 
Passive Galaxies 

Galaxies with Wo([OII])< 5 A are considered as passive, 
i.e. with no current star formation. Negative values of [Oil] 
are caused by noise and features in the pseudocontinua. 
Within 3 cr, both clusters VMF73 and VMF74 together have 
79 member galaxies. A fraction of 69%, weighted by the 
selection function, are classified as passive in the full sample. 
However, this fraction changes strongly with the distance from 
the centre: While in the inner regions the weighted fraction 
of passive galaxies is 80%, it decreases to 23% in the outer 
regions. 

Star Forming Galaxies 
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Galaxies with ongoing star formation at the epoch of observa- 
tion are all those with 5 A ^Wn(TO H])^ 50 A The upper limit 
of 50 A was adopted from lKennicutt Jr 1 dl992h to account for 
a wide range of star formation rates in local spiral galaxies. 
In the two clusters VMF73 and VMF74, a total of 31% of 
the member galaxies, weighted by the selection function, are 
found to have current star formation. Dividing the sample into 
an inner and an outer subsample, the weighted fraction of star 
forming galaxies in the inner regions is 20% and 77% in the 
outer regions. 
Starburst Galaxies 

This type of galaxy is undergoing a phase of intense star 
formation at the time of observation, which is characterized by 
an [O II] line strength of W ([O II]) > 50 A. In the cluster data, 
two candidates for starburst galaxies were detected. 



3.3.3. Emission Line Strengths as a Function of 
clustercentric Radius 

The H a and [Oil] line strength distributions of galaxies in 
the clusters VMF73 and VMF74 are shown in Figure [6] The 
sample is devided into inner fields (represented by a solid 
line) and outer fields (dotted line), according to the slitmasks 
(see Sec. 12.1.31 . This division corresponds roughly to galaxies 
within and beyond 1 R v ,, respectively. Both line strength dis- 
tributions are weighted by the selection function. In the H a as 
well as in the [O II] distribution, the galaxies in the inner fields 
show a strong peak at line strengths of ~ OA with a tail to- 
wards larger line strengths. Galaxies in the outer fields show a 
flat distribution in the [Oil] line strengths and a slight peak 
around ~ 15 A in the Hq, distribution. In the inner regions, 
a galaxy fraction of 19% has Hq, emission stronger than 5 A, 
while in the outer regions this fraction is 79%. A similar trend 
has been found in the [O II] distribution with 20% of galaxies 
with W ([O II]) > 5 A in the inner fields and a fraction of 77% 
of these galaxies in the outer fields. 

In the top of Figure [7] the mean with 1 cr error bars and the 
median of the Hq. line strength distribution in the VMF73 and 
VMF74 sample and the fraction of galaxies with Wo(Hq.) > 5 A 
are plotted as a function of clustercentric radius with the X-ray 
centre assumed to be the cluster centre. The radial bins are of 
varying width. Each one contains 27 galaxies, the last bin com- 
prises the last 25 galaxies and two galaxies from the second last 
bin. Mean (dotted line), median (dashed line) and the fraction 
of galaxies with an emission line strength of Wo(Hq) > 5 A 
are weighted by the selection function. The limit of Wo(Hq.) = 
5 A to distinguish between passive and star form i ng gal axies 
was adopted to be consistent with iGomez et alJ J2003b (see 
Sec. 14. 1> . There are radial trends in the mean, median and in 
the fraction of star forming galaxies visible. The mean (me- 
dian) of the line strength distribution increases from ~ 4 + 1 3 A 
(~ OA) in the inner parts to ~ 14 + 16 A (~ 6 A) in the outer 
cluster regions. Likewise, the fraction of star forming galaxies 
increases from ~ 15% in the centre to ~ 64% in the outer parts. 
The bottom of Figure[7]shows the same as the top, but for [O II] . 
There are similar radial trends visible as for H a . The mean (me- 
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Fig. 6. top: H„ line strength distribution for galaxies in the inner 
(solid line) and outer fields (dotted line). The division into inner and 
outer fields was performed based on the slitmasks. bottom: The same 
as in the top panel, but for [O II] . 



dian) of the line strength distribution increases from ~ 2 + 8 A 
(~ OA) in the central parts to ~ 10 + 15 (~ 5 A) in the outer 
regions. In the same radial range, the fraction of star forming 
galaxies increases from ~ 15% to ~ 50%. Figure [S] shows the 
same as Figure^ but with the respective / band brightest clus- 
ter galaxies of the spectroscopic sample assumed to be the clus- 
ter centre. The radial dependences of the mean, median and the 
fraction of star forming galaxies are qualitatively similar to the 
ones shown in Figure^ In both the H„ and [Oil] distribution, 
the mean, median and the star forming galaxy fraction increase 
with increasing clustercentric distance. 

3.3.4. Emission Line Strengths as a Function of Local 
Projected Galaxy Density 

The line strength distributions of H„ and [O II] are plotted as 
a function of local projected galaxy density for VMF73 and 
VMF74 in Figure|5] The mean with 1 cr error bars and the me- 
dian are represented by dotted and dashed lines, respectively. 
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Fig. 7. top: Mean with 1 cr error bars and median of H„ line strength 
distribution and fraction of galaxies with W (H ff ) > 5 A as a func- 
tion of clustercentric radius. The X-ray centre is assumed to be the 
cluster centre. The radial bins are of varying width each containing 27 
galaxies. Mean (dotted line), median (dashed line) and the fraction of 
galaxies with W (H„) > 5 A (solid line) are weighted by the selec- 
tion function. Squares and triangles represent galaxies of VMF73 and 
VMF74, respectively, bottom: The same as in the top panel, but for 
[Oil]. 



Both quantities are weighted by the selection function. The 
solid line shows the galaxy fractions with Wo(Hq,) > 5 A and 
Wo([0 II]) > 5 A according to the scale on the right side of the 
figure weighted by the selection function. The density bins are 
of varying width and contain 27 galaxies each. The local pro- 
jected galaxy density was calculated from the distance to the 
5th nearest neighbour in a circular aperture of all galaxies with 
photometry and with a magnitude limit of I tot = 19.5 which cor- 
responds to the magnitude limit of the spectroscopi c sample. 
For t he background correction, the number counts of iLin et ail 
\ 19991) were adopted with a number of galaxies brighter than 
R c = 20 of 1460 per square degree. In order to account for the 
two clusters projected onto each other on the sky sphere, the 
measured local galaxy densities were divided by 2. 
In the top of Figure |9j the density dependences of the H„ line 
strength distribution are shown. The mean (median) of the H a 
distribution decreases from ~ 10 ± 13 A (~ 2 A) at lower den- 
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Fig. 8. The same as in Figure but the respective brightest cluster 
galaxies in the spectroscopic sample are assumed to be the cluster 
centre. 



sities to ~ ± 6 A (~ A) at high densities. The fraction of star 
forming galaxies decreases from ~ 52% at lower densities to 
~ 9% in high density regimes. 

The bottom of Figure [9] shows the density trends in the [Oil] 
line strength distribution. A similar trend as in the H a distri- 
bution is seen. The mean (median) decreases from ~ 8 + 14 A 
(~ 7 A) at low densities to ~ ± 7 A (~ OA) at high densities. 
The fraction of galaxies with Wo([OII]) > 5 A decreases from 
~ 50% at lower densities to ~ 19% at high densities. 
In both line strength distributions, there is an increase in the 
fraction of star forming galaxies in the highest density regions 
detected. This increase is partly but not entirely due to two 
galaxies with Wo(H a ) > 70 A and respective [Oil] equivalent 
widths of W ([OII])= 22 A and W ([OII])= 34 A. These ob- 
jects appear also in Figure and Figure [8] at small distances 
from the cluster centre. Since both the clustercentric distance 
and the local projected galaxy density are two-dimensional 
scale parameters it cannot be determined if these two galax- 
ies reside in the centre or are projected onto it. A detailed ex- 
amination of both objects did not show any signs for AGN. 
The colours of both objects are quite b lue and are consisten t 
with late to very late type spiral galaxies ( Fukugita et al. Il995t) . 
The bluer object has apparently a small object in its neighbour- 
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Fig. 9. Top: Mean with 1 a error bars and median of the H ff line 
strength distribution and fraction of galaxies with Wo(H„) > 5 A as 
a function of local projected galaxy density. The radial bins are of 
varying width each containing 27 galaxies. Mean (dotted line), me- 
dian (dashed line) and the fraction of galaxies with W (H ff ) > 5 A 
(solid line) are weighted by the selection function. Bottom: The same 
as in the top panel, but for [O II]. 



hood for which we do not have spectroscopy, so it is not clear 
whether it is a companion. Although we cannot draw any firm 
conclusions regarding a possible star forming galaxy popula- 
tion in the cluster centre based on only two galaxies, we cannot 
rule out that there is such a population. 



3.3.5. Colour Relations 

Photometric galaxy properties are subject to changes with en- 
vironment as well as spectroscopic properties. Relations be- 
tween morphological type and colours of gal axies are well 
estab lished and known for a long time (e.g. Ide Vaucouleursl 
1960): Spiral galaxies with generally younger stellar popula- 
tions in the disk have rather blue colours while elliptical galax- 
ies with little or no star formation have redder col ours. As 
galaxy morphology is related to th e environment (e.g. lDresslerl 
1980; Whitmo re & Gilmordl 19931) . radial gradients of colours 
can be expected as well. In Figure[H)]the k-corrected observed- 
frame V-I colours of member galaxies of VMF73 and VMF74 
are plotted against the clustercentric radius with the X-ray cen- 
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Fig. 10. K-corrected observed V-I colours of galaxies in 
VMF73 and VMF74 as a function of clustercentric radius. The 
respective X-ray centroids are assumed to be the cluster cen- 
tres. The mean with 1 cr error bars and median of the colour 
distribution are shown as dotted and dashed lines, respectively. 
The mean is weighted by the selection function. Triangles and 
squares represent members of VMF74 and VMF73, respec- 
tively 



tre assumed to be the cluster centre. The colours are corrected 
by an empirical k-correction of 0.17 mag from the difference 
of both red sequences in the CMD. The mean with 1 cr error 
bars and the median of the colour distribution are shown as 
dotted and dashed lines, respectively. The mean is weighted 
by the selection function. Squares and triangles represent clus- 
ter members of VMF73 and VMF74, respectively. The ra- 
dial bins are of varying width, each bin contains 27 galaxies. 
Although our data has a rather large scatter, a correlation be- 
tween galaxy colour and clustercentric distance can be seen. 
In the central regions, the mean (median) of the colour dis- 
tribution is (V - I) ~ 1.21 + 0.09 (1.28) and becomes bluer 
with increasing clustercentric distance reaching final values of 
(V-I) ~ 1.14 + 0.17 (1.17) in the outer regions. A colour 
change is visible at ~ 1 R r where the red sequence disappears. 
However, this colour break may be partly due to the small num- 
ber of galaxies at large clustercentric distances. 

Figure ^2 shows the same as Figure Qol but with the / band 
brightest galaxies in the spectroscopic sample assumed to be 
the respective cluster centres. The mean and median of the 
colour distribution become bluer with increasing clustercentric 
distance, similar to the trend seen in Figure[IT5] Also, a similar 
disappearance of the red sequence as in Figure[K)]is visible. 

In FigurelT2"lthe relation between the H„ emission line strength 
and the k-corrected V-I colour is shown. The sample is de- 
vided into an inner (top) and an outer subsample (bottom). 
Figure EH an d Figure show that there are few red galaxies 
without emission at large clustercentric distances. In FigurelT2l 
there are some rather blue galaxies without H„ emission seen in 
the central fields. In the outer regions, there are only two galax- 
ies with Wo(H ff ) < 5 A bluer than V-I = 1 .2. This colour cor- 
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band brightest galaxies in the spectroscopic sample assumed to 
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respo nds to late type spiral galaxies at z= 0.2 jFukugita et alJ 
1 1995b . There are no galaxies without H„ emission bluer than 
V - I = 1.15 in the outer fields, whereas there are two such 
galaxies in the inner fields. 

4. Discussion 

4.1. Comparison with earlier work 

The relation between star formation properties of galaxies and 

their environment has been investigated by various studies of 

j . II I | || i 

the local universe (Lewis et al. 2002; Gomez et al. 2003) and 

at intermediate redshift (e.g. Balogh et al. 2002). In all of these 
studies, the clustercentric distance as well as the local galaxy 
density are used to cha racterize the c l uster e nvironment. 
iLewis etall d2002t) and lGomez et alJ d2003h have analysed the 
star formation activity of 2dFGRS and SDSS galaxies in the 
redshift range 0.05 <z< 0.1. Both studies derive SFRs from 
the H„ flux and analyse star formation properties as a func- 
tion of cluste rcentric radius as well as of local galaxy density. 
iGomez et alJ J2.003h investigate furthermore the environmen- 
tal dependence of the H a and [Oil] emission line strengths. 
The trends found in the present study are qualitatively simi- 
lar to the ones detected in these earlier studies. Star formation 
activity decreases with decreasing clustercentric radius and in- 
creasing local galaxy density. The median of both line strength 
distributions in the sample of VMF73 and VMF74 increases 
from ~ A in the centr e to ~ 5 A in the ou ter regions. This is 
in good agreement with IGomez et al.l J2003I) . The same study 
finds density dependences of the star formation activity such 
that the median of the H a and [O II] line strength distributions 
decreases with increasing local gala xy density. The density es- 
timates used by Gomez et al. ( 2003 ) are different from the ones 
in the present study. IGomez et alJ ( 120031) apply a background 
subtraction using redshifts while in the present analysis a statis- 
tical background subtraction was applied. As a re sult, the den- 
sities in Figure |9] are much larger than those of IGomez et alJ 
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Fig. 12. Top: H„ line strength as a function of V - I colours for the 
central cluster fields. Bottom: The same as in the top panel, but for 
the outer fields. 



(2003) due to the difference in projection. In the VMF73 and 
VMF74 clusters, we see a qualitatively similar effect in H a and 
[Oil]; however, the sample size is too small to warrant a de- 
tailed comparison. 

In a redshift range comp arable to the one of the present analy- 
sis, [Balogl^uilJ 12002) have carried out a study of ten galaxy 
clusters with low X-ray luminosity. Galaxy clusters of low 
X-ray luminosity have been chosen in order to study the en- 
vironmental dependence of galaxy SFRs and possible mech- 
anisms suppressing the star formation in low mass clusters 
which are considered the progenitors of more massive clusters 
in models of hierarchical structure formation. The cluster sam- 
ple of VMF73 and VMF74 shows an increase in the mean and 
median of the [Oil] line strength distribution f rom the cen- 
tre to the outer regions which is consistent with Ba logh et alJ 
d2002h . However, there is large scatter in the data of VMF73 
and VMF74 and the observed trends in mean and median are 
of limited statistical significance. A stronger trend is found in 
the increase of the galaxy fraction with Wq([OII ])> 5 A f rom 
~ 15% in the centre to ~ 50% in the outer fields. B alogh et alJ 
(2002) find an increase in the fraction of star forming galax- 
ies from ~ 10% in the centre to ~ 30% at ~ 1 R,.. Density 
trends in the sample of VMF73 and VMF74 have been detected 
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such that the mean and median of the [O II] line streng th dis- 
tribution decrease with increasing density, while Balogh et al. 
( 2002) find that the mean reaches ~ 6 A only in the lowest den- 
sity regions. Both studies detect similar density trends in the 
fraction of galaxies with W ([OII]) > 5 A. 
As a further indicator for star formation, galaxy colours in the 
two clusters VMF73 and VMF74 were investigated. We find a 
radial trend in the colours such that with increasing radius the 
average colours become bluer. At large radii beyond ~ 1.5 R,., 
there are few galaxies with a dominant old, red population. 
On the other hand, there are some rather blue galaxies with- 
out emission found in the central regions. This population may 
consist of galaxies which had ongoing star formation at the 
time of their infall into the cluster environment. On their way 
through the cluster, the diffuse gas in the halo may have been 
lost which therefore cannot replenish the fu el for star formatio n 
in the disk and the SFR slowly declines (Balo gh et alJ l2000). 
However, this mechanism predicts a systematically lower SFR 
of star forming galaxies in high density environments com- 
pared with similar galaxies in lower densities. A recent study 
of SDSS and 2dF data finds that the lower level of star forma- 
tion in high density environments is largely due to the smaller 
fraction of star forming galaxies in these environments, while 
there is little difference in the star forming galaxy populations 
in high and low density regimes (Balogh et al. 2004). The sam- 
ple of VMF73 and VMF74 is too small to draw any strong 
conclusions from the population of blue galaxies without H a 
emission. Figure^] suggests that there is a small difference in 
the H ff emission between blue, star forming galaxies in the in- 
ner and outer fields. Furthermore, in the VMF73 and VMF74 
sample a distinctive colour change is visible at a clustercentric 
radius of ~ 1 R,, where the red sequence of both clusters disap- 
pears. This feature is reminiscent of the work of lKodama et alJ 
( 2001 ) who find an abrupt colour change at a characteristic den- 
sity of 2 galaxies h 2 Mpc~ 2 in the cluster CI 0939+4713 at 



0.41. 



4.2. Physical Implications 

The aim of this investigation has been to explore the star forma- 
tion properties of galaxies over a wide range of densities with 
a special focus on galaxies in large distances from the cluster 
core. The difference between the present study and the two pre- 
vious ones cited above is that we investigated cluster galaxies in 
a higher redshift regime than did Gom ez et al J 112003) analysing 
SDSS data. Furthermore, this work reaches out to larger clus- 
tercentric distances than the study of X -ray faint clusters at in- 
termediate redshift ( Balogh et al. 2002). In regions as far out as 
~ 3 - 4 R,, from the cluster centre, galaxies from the surround- 
ing field are thought to fall continuously into the cluster at- 
tracted by its gravitational potential and experience for the first 
time the influence of the cluster environment. Therefore, galax- 
ies in these infall regions which denote a transition between 
the low density field and the cluster are expected to have in- 
termediate properties betwee n the field and c luste r galaxy pop- 
ulation. The results of Gom ez et al 1 d2003l) and Balogh et al. 
(2002) are consistent with this picture in finding an increase in 



line strengths and SFRs with increasing clustercentric distance 
and decreasing density. The present study finds similar radial 
and density dependences of galaxy star formation. The change 
of galaxy colours with radius is a further indication for some 
kind of transformation of cluster galaxies. The observed disap- 
pearance of the red sequence at a ra dius of ~ 1 R y i s sim ilar 
to an abrupt colour break reported bv lKodama et alJ J200ll) at 
a char acteristic density of 2 galaxies h3 Q Mpc~ 2 . lKodama et alJ 
(2001) find that this density corresponds to subclumps outside 
the cluster centre. This may be a further hint that galaxy trans- 
formation first occurs in groups and subclumps far from the 
centre. 

Several processes are being discussed in the literature as candi- 
dates for suppressing star formation in cluster galaxies. The ra- 
dial dependence of star formation properties suggests that this 
mechanism starts to act about 2.5 R v . from the cluster core and 
possibly even beyond. This result rules out mechanisms that are 
effective only in the highest density regimes, such as ram pres- 
sure stripping, as being solely responsible for the decreasing 
SFRs throughout the cluster. Although more than one process 
may be involved and ram pressure stripping may still play a 
role in the cluster core, it is likely that in the outer regions a 
more subtle mechanism is at work which does not halt the star 
formation abruptly. Apparently, this mechanism starts to affect 
galaxies relatively early after their first contact with the clus- 
ter environment, for even galaxies far out of the central regions 
show a reduced sta r formation. The scenario of strangulation 
(Bal ogh et alJl200ol) in which the diffuse gas in the dark halo 
of an infalling galaxy is lost may be an explanation for the re- 
duced SFRs in cluster galaxies. As discussed above, this mech- 
anism predicts lower SFRs of blue galaxies in high density re- 
gions compared with blue galaxies in lower density regimes. 
However, based on the blue galaxy population in the VMF73 
and VMF74 cluster sample alone, we cannot draw any strong 
conclusions about the mechanism suppressing star formation 
in the cluster environment. The observed decrease in SFRs is 
compatible with strangulation, although it is possible that other 
effects such as galaxy-galaxy interactions play a role or were 
important in the past and influence galaxy evolution in small 
groups even before a galaxy enters the cluster environment. 



4.3. Outlook 

The reduction and analysis of the remaining four galaxy clus- 
ters will increase the sample size and enable us to investigate 
the environmental dependence of galaxy star formation prop- 
erties with more precision and statistical significance. With the 
complete sample of six galaxy clusters, both the SFR-radius re- 
lation and the SFR-density relation can be studied without the 
limitations of low number statistics and thus help us to under- 
stand the evolution of galaxies in the cluster environment. 
Additionally, it would be interesting to study the dependence 
of star formation activity on the X-ray luminosity of clusters. 
Groups and low mass X-ray faint clusters are considered the 
progenitors of more massive clusters in hierarchical merging 
models. Studying clusters over a range of masses is therefore 



12 



B. Gerken et al.: Star formation activity out to the cluster infall regions 



an important step to investigate the growth of structure in the 
universe. 

5. Summary 

We have observed three sky fields selected from the XDCS 
(Gilb anket al.l2004 . each containing two galaxy clusters, with 
multiobject spectroscopy. In the present paper, the two clus- 
ters contained in the field R285 were analysed. We investigated 
the star formation activity of cluster galaxies based on the line 
strengths of H a and [O II] with special emphasis on galaxies 
far from the cluster centre. The results of the analysis can be 
summarized as follows: 

1. The two clusters VMF73 and VMF74 in field R285 lie at 
redshifts of z = 0.18 and z = 0.25 with velocity dispersions 
of 442 km s -1 and 671kms~ 1 , respectively. The velocity 
dispersions of both clusters are consistent with Gaussians 
and are in good a greement with the l ocal Ly-cr r elation 
foun d in samples of | David et "aH J 1 993h :livi7 rkevitchl lfl 998> 
and lXue & Wul J2000I) . Within 3 <x, the number of spectro- 
scopically observed member galaxies is 44 in VMF73 and 
35 in VMF74. The approximate virial radii of VMF73 and 
VMF74 are 1.67 Mpc and 1.21 Mpc, respectively, in our 
cosmology. 

2. The fraction of emission line galaxies with Wo([OII])> 
5 A in the cluster sample is 3 1 % in total, weighted by the 
selection function. Dividing the cluster sample into inner 
and outer masks, the weighted fraction of galaxies with 
W ([O II]) > 5 A is 20% within ~ 1 R,, and 77% in the outer 
fields. The weighted fraction with W (H ff ) > 5 A is 19% in 
the inner fields and 79% in the outer regions. 

3. The line strength distributions of H a and [Oil] in the 
VMF73 and VMF74 sample show radial dependences in 
such a way that the mean and median and the star form- 
ing galaxy fraction increase with clustercentric radius. In 
the H a distribution, the mean (median) increases from ~ 
4 + 13 A (~ OA) in the inner parts to ~ 14 ± 16 A (~ 6 A) 
in the outer cluster regions. The fraction of galaxies with 
Wo(Hq,) > 5 A increases from ~ 15% in the centre to 
~ 64% in the outer parts. The mean (median) of the [Oil] 
line strength distribution increases from ~ 2 + 8 A (~ A) 
in the central parts to ~ 10 + 15 (~ 5 A) in the outer re- 
gions. In the same radial range, the fraction of galaxies with 
W ([OII]) > 5 A increases from ~ 15% to ~ 50%. 

4. Density dependences of the H a and [Oil] emission line 
strengths in VMF73 and VMF74 have been detected such 
that the mean, median and the star forming galaxy frac- 
tion decrease with increasing local projected galaxy den- 
sity. The mean (median) of the H a distribution decreases 
from ~ 10 + 13 A (~ 2 A) at lower densities to ~ + 6 A 
(~ OA) at high densities. The fraction of galaxies with 
Wo(Ha.) > 5 A decreases from ~ 52% at lower densities 
to ~ 9% in high density regimes. In the [Oil] distribution, 
the mean (median) decreases from ~ 8 + 14 A (~ 7 A) at 
low densities to ~ + 7 A (~ OA) at high densities. The 
fraction of galaxies with Wo([OII])> 5 A decreases from 
~ 50% at lower densities to ~ 19% at high densities. 



5. A radial trend in the observed-frame V — I colours has been 
detected. The mean and median of the galaxy colour dis- 
tribution in the VMF73 and VMF74 sample decrease from 
(V - 1) ~ 1.30 + 0.08 at 0.2 R„ to bluer colours and reach 
(V - I) ~ 1.04 + 0.12 (mean) and (V - I) ~ 1.15 (me- 
dian) at 2.6 R,,. At a clustercentric distance of ~ 1 R,,, the 
red sequence is observed to disappear. 
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Table A.l. Object ID, J2000 coordinates, redshift, equivalent widths of [Oil] and H„ with errors and corresponding cluster for all member 
galaxies with spectroscopy. The spectrum r2851_14 is corrupted in the blue which made an [O II] measurement in this galaxy impossible. 



object ID 


R.A. 


DEC 


z 


W ([OII1) 

VJ v L J / 


AWo([0 II]) 


W (H„) 


AW (H„) 


cluster 


r2811_20 


9:44: 3.215 


16:39:48.59 


0.2557 


-4.7067 


3.0750 


1.7857 


0.9953 


VMF73 


r2811_24 


9:44: 1.379 


16:38: 1.11 


0.2536 


-4.5978 


1.3008 


-0.7676 


0.3461 


VMF73 


r2811_25 


9:43:59.685 


16:37:30.18 


0.2541 


6.3543 


1.5242 


2.0627 


0.4611 


VMF73 


r2811_23 


9:43:59.527 


16:38:29.82 


0.1783 


2.5207 


0.9593 


5.9572 


0.2739 


VMF74 


r2811_16 


9:43:58.380 


16:41: 9.65 


0.2527 


0.2592 


0.6512 


2.4747 


0.2478 


VMF73 


r2811_19 


9:43:58.818 


16:40: 2.38 


0.2538 


1.2676 


2.6258 


-0.6907 


0.6743 


VMF73 


r2811_14 


9:43:58.757 


16:42: 2.56 


0.1824 


-5.5232 


1.7171 


-1.7689 


0.3677 


VMF74 


r2811_10 


9:43:55.556 


16:43:34.68 


0.1788 


-0.9383 


1.3420 


-1.7080 


0.3509 


VMF74 


r2811_18 


9:43:53.520 


16:40:23.14 


0.2529 


-2.1270 


1.1838 


-1.0665 


0.3490 


VMF73 


r2811_13 


9:43:53.021 


16:42:48.20 


0.1784 


-2.7790 


2.0136 


-2.1479 


0.5918 


VMF74 


r2811_06 


9:43:52.614 


16:44:40.11 


0.2538 


6.8425 


1.1742 


3.3899 


0.3720 


VMF73 


r2811_ll 


9:43:49.126 


16:43:21.27 


0.1809 


-0.6746 


0.6510 


0.7147 


0.1845 


VMF74 


r2811_07 


9:43:46.729 


16:44:25.27 


0.1795 


2.2640 


1.2236 


1.8584 


0.4123 


VMF74 


r2811_08 


9:43:45.157 


16:44: 5.69 


0.1788 


8.0074 


1.8511 


6.8131 


0.5142 


VMF74 


r2811_05 


9:43:44.494 


16:44:54.27 


0.1801 


21.5007 


1.1904 


74.7323 


1.1308 


VMF74 


r2811_01 


9:43:44.470 


16:46: 5.36 


0.1784 


-4.4120 


0.7369 


-1.3891 


0.2486 


VMF74 


r2811_22 


9:43:43.315 


16:39:18.56 


0.1770 


21.3541 


2.3289 


24.5442 


0.9740 


VMF74 


r2811_03 


9:43:43.514 


16:45:20.16 


0.1803 


-2.2580 


0.9715 


-1.0987 


0.3454 


VMF74 


r2812_05 


9:44: 5.008 


16:38:34.35 


0.2579 


-10.6131 


3.4720 


0.1310 


0.4503 


VMF73 


r2812_16 


9:44: 1.022 


16:42: 4.17 


0.1775 


17.4814 


4.2423 


7.9112 


0.5457 


VMF74 


r2812_09 


9:44: 0.321 


16:40:11.54 


0.2487 


-5.7794 


3.7343 


1.8457 


0.8243 


VMF73 


r2812_12 


9:43:59.374 


16:41: 9.92 


0.2570 


-1.8901 


1.4455 


2.5585 


0.2619 


VMF73 


r2812_14 


9:43:53.579 


16:41:43.22 


0.2529 


-1.5178 


1.2966 


-1.4753 


0.2946 


VMF73 


r2812_17 


9:43:45.135 


16:42:46.34 


0.1813 


-6.5287 


1.6785 


3.9807 


0.2401 


VMF74 


r2812_22 


9:43:43.459 


16:44:31.85 


0.1810 


-8.7844 


3.0857 


-0.4729 


0.3618 


VMF74 


r2812_21 


9:43:44.867 


16:44: 2.25 


0.1793 


5.8361 


1.1055 


8.6601 


0.2533 


VMF74 


r2812_02 


9:43:43.064 


16:37:36.01 


0.1813 


-0.2660 


1.3675 


0.0032 


0.2233 


VMF74 


r2821_02 


9:43:58.089 


16:41:17.05 


0.2530 


-1.9685 


1.4632 


-1.4519 


0.3745 


VMF73 


r2821_03 


9:43:56.389 


16:39:57.57 


0.1799 


-11.6547 


3.9628 


-0.2161 


0.6952 


VMF74 


r2821_06 


9:43:51.143 


16:37:26.30 


0.1749 


25.0298 


2.8753 


25.4038 


1.6262 


VMF74 


r2821_07 


9:43:50.041 


16:39:54.78 


0.1796 


4.1322 


4.0803 


-2.9761 


0.9504 


VMF74 


r2821_08 


9:43:48.710 


16:40:39.14 


0.2540 


34.4289 


0.8362 


70.2181 


1.5790 


VMF73 


r2821_09 


9:43:47.698 


16:39:10.28 


0.1797 


6.6599 


6.5108 


-0.4738 


1.1184 


VMF74 


r2821_10 


9:43:46.040 


16:39:54.53 


0.1776 


16.7840 


7.6416 


-2.4824 


1.0909 


VMF74 


r2821_ll 


9:43:44.532 


16:39:19.87 


0.1766 


6.3128 


2.1436 


-0.9577 


0.4898 


VMF74 


r2821_12 


9:43:43.004 


16:40:34.58 


0.2573 


2.4168 


1.4702 


0.8388 


0.4232 


VMF73 


r2821_17 


9:43:36.349 


16:36:57.38 


0.2588 


1.1436 


2.1093 


1.7137 


0.5961 


VMF73 


r2821_14 


9:43:40.074 


16:39:23.66 


0.2586 


-6.1052 


4.1495 


3.8824 


0.8789 


VMF73 


r2821_20 


9:43:33.631 


16:39: 6.81 


0.2530 


13.3054 


2.7992 


-3.5572 


0.8234 


VMF73 


r2821_21 


9:43:32.427 


16:40: 1.03 


0.2539 


-0.9675 


2.2326 


-1.8471 


0.7725 


VMF73 


r2821_27 


9:43:23.531 


16:39:46.40 


0.2567 


-0.3700 


1.3343 


4.4400 


0.5386 


VMF73 


r2821_29 


9:43:19.340 


16:38: 8.64 


0.2573 


6.1021 


1.6261 


-0.0986 


0.6769 


VMF73 
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object ID 


R.A. 


DEC 


z 


W ([OII]) 


AW ([OII]) 


W (H„) 


AW (H ff ) 


cluster 


r2822_01 


9:43:58.931 


16:39:22.06 


0.2561 


0.1120 


0.9628 


-1.3375 


0.3376 


VMF73 


r2822_03 


9:43:56.353 


16:36:51.10 


0.2552 


-2.5866 


0.6531 


-1.8366 


0.3713 


VMF73 


r2822_04 


9:43:55.897 


16:40:36.04 


0.2551 


-0.9627 


1.0819 


-2.1862 


0.3375 


VMF73 


r2822_05 


9:43:53.380 


16:39:59.19 


0.2511 


0.1605 


0.4556 


2.2797 


0.1815 


VMF73 


r2822_06 


9:43:51.720 


16:41:45.08 


0.2529 


2.8820 


0.5106 


16.0670 


0.3112 


VMF73 


r2822_07 


9:43:49.727 


16:40:51.40 


0.1805 


-4.2757 


0.5787 


-1.3949 


0.1526 


VMF74 


r2822_09 


9:43:45.555 


16:41:30.97 


0.2517 


18.8964 


0.6678 


21.9371 


0.5421 


VMF73 


r2822_10 


9:43:44.153 


16:40:47.14 


0.1795 


0.0361 


0.8027 


-0.0852 


0.2079 


VMF74 


r2822_14 


9:43:38.759 


16:38:55.57 


0.2533 


-4.2059 


0.9098 


-2.4142 


0.2919 


VMF73 


r2822_15 


9:43:37.970 


16:39:32.66 


0.2574 


-4.3497 


0.5612 


-0.9239 


0.1728 


VMF73 


r2822_16 


9:43:36.803 


16:41: 2.71 


0.2552 


-1.1774 


0.8351 


-0.2862 


0.2456 


VMF73 


r2822_17 


9:43:34.091 


16:40:36.17 


0.2500 


1.6263 


0.8720 


0.2113 


0.3482 


VMF73 


r2822_13 


9:43:39.732 


16:37:22.52 


0.1795 


-1.2232 


1.8434 


13.6049 


0.4373 


VMF74 


r2822_19 


9:43:30.578 


16:38:56.01 


0.2529 


-2.3637 


1.2785 


-2.9096 


0.4978 


VMF73 


r2822_20 


9:43:29.646 


16:40:56.82 


0.2578 


-1.7712 


0.6528 


-0.4303 


0.4010 


VMF73 


r2822_22 


9:43:25.342 


16:39: 7.25 


0.2549 


-2.5926 


0.5217 


-0.2400 


0.1746 


VMF73 


r2822_23 


9:43:24.510 


16:39:52.15 


0.2614 


-13.1422 


1.2640 


-1.8871 


0.5062 


VMF73 


r2822_25 


9:43:22.064 


16:39: 7.95 


0.2504 


1.8265 


0.6719 


4.4135 


0.2738 


VMF73 


r2831_01 


9:43:25.504 


16:43:37.95 


0.1785 


-15.3682 


7.4113 


18.5928 


1.5945 


VMF74 


r2831.03 


9:43:22.885 


16:41:14.85 


0.2475 


29.1424 


5.4647 


12.8329 


1.7592 


VMF73 


r2831_09 


9:43: 8.925 


16:41:44.84 


0.1799 


25.4745 


3.0314 


29.3486 


0.9570 


VMF74 


r2831_10 


9:43: 8.025 


16:42:45.40 


0.2554 


10.2344 


1.0323 


28.0087 


0.9258 


VMF73 


r2831_13 


9:43: 1.490 


16:42:27.79 


0.2560 


-5.1153 


1.2809 


1.0695 


0.3672 


VMF73 


r2831_20 


9:42:44.142 


16:45:34.92 


0.1795 


5.6379 


1.1953 


1.4298 


0.5835 


VMF74 


r2841_17 


9:44:23.762 


16:31:47.11 


0.2504 


-1.6194 


0.9967 


-1.2897 


0.2258 


VMF73 


r2841_08 


9:44:40.098 


16:30:59.76 


0.1848 


21.2407 


1.9546 


27.7546 


0.8711 


VMF74 


r2841_07 


9:44:41.052 


16:29:19.52 


0.2500 


46.5020 


2.5282 


22.5031 


0.7267 


VMF73 


r2841_20 


9:44:16.292 


16:28:47.48 


0.1798 


22.7927 


2.8351 


18.4427 


1.0485 


VMF74 


r2841_03 


9:44:54.152 


16:28: 0.61 


0.1833 


26.9221 


8.7519 


17.5820 


0.8333 


VMF74 


r2841_10 


9:44:36.525 


16:27:31.55 


0.2538 


13.8636 


0.7475 


11.0069 


0.2843 


VMF73 


r2851_14 


9:44: 4.693 


16:32:49.30 


0.2517 






7.2167 


0.6526 


VMF73 


r2851_19 


9:43:59.003 


16:35: 2.83 


0.1810 


5.4581 


1.6128 


18.1029 


0.6305 


VMF74 


r2851_ll 


9:43:52.550 


16:31:20.41 


0.1818 


39.9267 


1.3898 


65.8269 


1.2526 


VMF74 


r2851_17 


9:43:52.248 


16:34: 0.81 


0.2520 


-1.3208 


0.5579 


-0.7933 


0.1892 


VMF73 


r2851.04 


9:43:50.600 


16:28:20.55 


0.2501 


12.0806 


0.5646 


29.9664 


0.7405 


VMF73 


r2851_09 


9:43:50.527 


16:30:28.09 


0.1812 


-0.0363 


2.1135 


0.6131 


0.7490 


VMF74 


r2851.10 


9:43:48.575 


16:30:39.77 


0.1796 


30.0205 


0.6615 


39.1525 


0.6419 


VMF74 



